Over the last few years, the performance of electron microscopes has undergone a dramatic improvement, with achievable resolution having more than doubled. It is now possible to probe individual atomic sites in many materials and to determine atomic and electronic structure with single-atom sensitivity. This revolution has been enabled by the successful correction of the dominant aberrations present in electron lenses. In this review, the authors present a brief overview of these instrumental advances, emphasizing the new insights they provide to several areas of materials research.
Introduction
Richard Feynman is widely associated with the nanoscience revolution as a result of his prophetic lecture "There's Plenty of Room at the Bottom," given in 1959. 1 Less well known is that, in the same lecture, he challenged us to "improve the resolution of the electron microscope by 100 times," his goal being to "just look at the thing." At the time of the lecture, it was understood that the resolution of the electron microscope was fundamentally limited by the intrinsic spherical aberration (by which rays far from the optical axis are overfocused) in the primary, image-forming magnetic objective lens. This spherical aberration is unavoidable with rotationally symmetric magnetic fields, and Feynman's response was simply "why must the field be symmetric?" Today, sophisticated electron-optical components are available which break this rotational symmetry, correcting spherical aberration and leading to higher resolution. The impact of these correctors on electron microscopy is evident from Figure 1 , which shows the improvement in resolution from the era of optical microscopy to the present, although we
are not yet close to Feynman's challenge of 0.01 nm. The major reason that it has taken more than four decades to achieve this is the requirement for sophisticated computer control to measure the aberrations present and to iteratively adjust the necessary lens currents. As an example, optimization of the 12 independent thirdorder aberrations (including the spherical aberration) requires precise control of 40 or more optical elements. However, the current generation of correctors readily achieve this and are able to correct the electron wave front to a degree of perfection better than a quarter wavelength (ϳ0.5 pm) over 70 µm.
There are presently two designs of aberration corrector available for electron microscopes produced by Nion Co. 3 and by CEOS GmbH. 4 The former has been exclusively used in scanning transmission electron microscopy (STEM), whereas the latter has been used in both STEM and in conventional transmission electron microscopy (CTEM). Although the optical design of these two systems differs, it is important to appreciate that both correct only for the geometric aberrations (of which spherical aberration is illustrated in Figure 2b ) in the optical system through the use of nonround elements. Chromatic aberrations (Figure 2c ) have so far only been successfully corrected in the scanning electron microscope (SEM), 5 which operates at significantly lower accelerating voltages.
STEM or CTEM?
In CTEM, a near-parallel electron beam illuminates a thin sample, and the emerging scattered waves are focused by the objective lens to form an image, as shown in Figure 3a , with all image points being recorded simultaneously. In STEM, the incident beam is focused to a fine probe which is scanned across the sample with detectors arranged to record various signals, as shown in Figure 3b ; in this mode, image points are obtained sequentially. CTEM, with its parallel recording, is therefore ideal for capturing specific signals rapidly from large fields of view, whereas STEM is optimal for extracting maximum information from a single point by detecting multiple signals (such as bright-and dark-field images or energy loss spectra) simultaneously. However, it is only relatively recently that both modes have become available on a single microscope column with anything approaching an optimum level of performance.
These two modes of operation may at first sight seem entirely different. In STEM, the primary focusing and aberration correction takes place before the specimen, whereas in CTEM it occurs after the www.mrs.org/publications/bulletin specimen. However, Figure 3 illustrates that the two modes of operation are closely related. For bright-field imaging, with equivalent apertures before and after the specimen, the only difference between the two geometries is the ray direction. As a bright-field image is formed primarily from elastic scattering, which is independent of the direction of ray propagation, the two microscopes should give identical bright-field image contrast, and this indeed is the case. STEM is much less efficient than CTEM for image recording in bright-field because of its sequential acquisition and the low current that can be focused into a small (uncorrected) probe. Uncorrected STEM bright-field images are hence inherently noisy, and the normal STEM imaging mode therefore uses an annular dark-field (ADF) detector that collects a large fraction of the scattered electrons. However, aberration correction in STEM significantly improves the collection efficiency for bright-field images such that they are no longer dominated by noise.
The primary imaging mode in CTEM is therefore bright-field, whereas in STEM it is ADF, or high-angle ADF (HAADF), for which the central hole in the detector is expanded. This HAADF image is also commonly referred to as a Z-contrast image, since at high angles the scattered intensity varies approximately as Z 2 , where Z is the atomic number.
These two modes also differ fundamentally in the mechanism by which the image contrast is obtained. In bright-field CTEM, the coherent phase-contrast image represents an interference pattern between the beams reaching the detector, and hence the contrast depends on the relative phases of these. In STEM, the HAADF detector integrates a large number of diffracted beams, and the incoherent Z-contrast image represents the total scattered intensity falling on the detector.
Phase contrast depends sensitively on the relative phases of the contributing diffracted beams, which depend in turn on the specimen thickness and atomic number and on the lens aberrations. These images therefore show complex contrast changes as a function of thickness and microscope operating conditions and in general require image simulation for interpretation in terms of the specimen structure. However, the advantage of coherent imaging is its efficient use of electrons. As an example, if we assume a specimen that generates a diffracted beam with an amplitude 10% that of the incident beam, then when the microscope objective lens is set to optimally interfere the diffracted beam with the unscattered beam, an image contrast of almost 20% results. Conversely, if we directly measure the intensity of the diffracted beam, we obtain an intensity of only 1% that of the incident beam for incoherent image formation.
From a materials perspective, the strength of phase-contrast imaging is its efficient exploitation of weak scattering through interferometric imaging, which makes it ideal for recording images of light, thin materials such as carbon nanotubes. For thicker specimens, the same efficient exploitation of weak scattering leads to artifacts that arise from interference between diffracted beams. Z-contrast images do not suffer from such artifacts and have the simple characteristics of an incoherent image (as for an optical camera), showing no contrast reversals (during which image features change from black to white with focus) and thus allowing optimum focus to be determined by the sharpest image. However, they do not make such efficient use of the incident electrons; hence, this mode is more suitable for thicker specimens or higher-Z materials. A good example of the different nature of these two types of image is shown in Figure 4 , which compares two focal series of images of SrTiO 3 recorded in bright-field phase contrast and Z-contrast Aberration correction in CTEM images also leads to improvements in interpretable resolution and to reduced image delocalization, in which the structural information extends beyond the physical boundaries of the specimen. In the absence of spherical aberration, the point-topoint resolution of the image is extended out to the limits imposed by the partial coherence of the illumination; using 200-kV microscopes, such as the JEM2200FS in Oxford, 7 the point-to-point resolution is improved to ϳ0.1 nm from an uncorrected value of ϳ0.2 nm. The ability to tune the spherical aberration also provides both optimum phase-contrast imaging at small negative values of the spherical aberration and pure amplitude-contrast imaging at zero value, 8 a mode which is not accessible in an uncorrected instrument. Information delocalization arising from the presence of aberrations in an uncorrected microscope is also substantially reduced, with particular benefits to the imaging of surfaces, boundaries, and other aperiodic features.
Mention should also be made of indirect methods that deconvolve the effects of aberrations from a series of CTEM images to leave the complex wave function at the exit plane of the specimen. 9 This procedure can be usefully applied not only to uncorrected CTEMs but also to CTEMs fitted with aberration correctors to remove the effects of residual aberrations and to compensate for higher-order aberrations that cannot be corrected directly.
STEM aberration correction also enables substantial gains in performance in electron energy loss spectroscopy (EELS), due to the availability of smaller probes containing the same current. More current is thus placed down the atom column of interest with less wasted illuminating neighboring columns. We therefore win twice, gaining signal from the column of interest and reducing unwanted signal arising from overlap with neighboring columns. Overall, the net gain using current corrected STEM instruments is sufficient to allow a single atom to be identified spectroscopically within a single atomic column, as shown in Figure 5 .
Case Studies in Materials with Aberration-Corrected STEM

High-T c Superconductors
While the detailed mechanism underlying high-T c superconductivity (HTCS) in the highly anisotropic copper oxides remains elusive, it is generally accepted that superconductivity takes place in the CuO 2 planes, and atomic-resolution EELS gives direct proof for this in real space. them. For this sample, the dopant level in the superconductor was measured by placing the electron beam at each atomic plane and acquiring EELS. For HTCS materials, the oxygen 2p bands lie very close to the Fermi energy, and the oxygen K edge, which results from exciting transitions from the oxygen 1s core level to the 2p bands, can be used to probe the occupancy of the latter, thus giving a measure of the carrier density in the superconductor.
11,12 The pre-peak in the O K edge contains most of the O 2p band contributions, and the hole density can be quantified by fitting the area under the pre-peak to a Gaussian function and normalizing with the area under the main body of the edge. Interestingly, EELS measurements in these samples show a spatial oscillation of the density of holes with a period equal to the lattice parameter, c 11.7 Å. The hole density decreases on the CuO chains, while it increases on the CuO 2 planes to almost the bulk value. Corresponding changes are also observed in the Cu L edge, which shows a corresponding modulation of the Cu formal oxidation state. This data is consistent with a ϩ2 oxidation state in the CuO 2 planes and closer to ϩ1 in the CuO chains. Hence, these measurements provide direct proof that the holes responsible for superconductivity are localized within the CuO 2 planes. 13 
Charge Ordering in Manganese Perovskites
Manganites are known to exhibit unusual lattice, electronic, and magnetic properties. 14 In particular, within some regions of their phase diagrams, a form of spatial modulation known as the chargeordered state is found. These phases are insulating and often antiferromagnetic, so understanding the origin of this phenomenon may provide a key to the origin of ferromagnetism and colossal magnetoresistance (CMR) 15 ). It has been suggested that the socalled charge-ordered (CO) state arises from a stable spatial ordering of the e g electrons, so that the Mn sublattice is no longer a homogeneously mixed state. Atomic-resolution EELS is ideally suited for studying the electronic properties of solids with atomic resolution in real space, independent of the small lattice relaxations that contribute to superlattice reflections in diffraction methods. Figure 7a shows a Z-contrast image of a Bi x Ca 1-x MnO 3 (BCMO) manganite along the pseudocubic projection with x 0.37. For this composition, the ordering temperature is above room temperature, 17 and Figure 7b shows the dependence of the Mn oxidation state, with position x in angstroms, measured from the ratio of the Mn L 3 to L 2 peaks. The Mn oxidation state exhibits a modulation with a periodicity around 12 Å, 18 with one in three Mn columns having a 3d 4 atomic configuration. This stripe geometry determined from EELS is perfectly consistent with the 
Figure 5. Spectroscopic identification of an individual atom in its bulk environment by electron energy loss spectroscopy (EELS). (a) Z-contrast image of CaTiO 3 , showing traces of the CaO and TiO 2 {100} planes as solid and dashed lines, respectively. A single La dopant atom in column 3 causes this column to be slightly brighter than other Ca columns, and EELS from it shows a clear La M 4,5 signal. (b) Moving the probe to adjacent columns gives reduced or undetectable signals.
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macroscopically averaged periodicity observed in electron diffraction, 18 showing that the electronic striping is structural in origin.
Location of Rare-Earth Atoms in Ceramic Grain Boundaries
Rare-earth elements are frequently used in the preparation of Si 3 N 4 ceramics to promote the growth of needlelike grains, thereby improving the toughness of the material. In the processed ceramic, the Si 3 N 4 crystals are separated by ϳ1-nmthick amorphous films or larger glass pockets, and the additive rare-earth atoms are found at the prismatic {100} crystalamorphous interfaces, suggesting that their presence may have an influence on the growth kinetics. Furthermore, the average grain anisotropy of the ceramic varies according to the type of rare-earth element used. Determination of the location of different rare-earth atoms at the interface is therefore essential in clarifying their role in ceramic formation. [19] [20] [21] This problem lends itself to Z-contrast imaging, as the rare-earth atoms La (Z 57) and Lu (Z 71) have high atomic numbers relative to the matrix elements Si (Z 14), O (Z 8), and N (Z 7). Figure 8 shows images recorded for two directions perpendicular to a grain-intergranular film and to a grain-glassy pocket. Averaging of these images has been performed to compensate for the effects of specimen drift during the ϳ1 min scan time.
The structure of the [001]-oriented Si 3 N 4 crystal is imaged on one side of the interface (lower half in the images in Figure 8 ), but no lattice contrast is visible on the other side, as the crystal is either not aligned to a zone axis (in the case of the misoriented grain) or the structure is amorphous (in the case of the glass pocket). Within the intergranular film adjacent to the Si 3 N 4 crystal, the rare-earth atom locations are imaged as bright spots. From the positions of the rare-earth atoms measured from two independent projections of the interface, the cation positions in all three dimensions have been determined, as illustrated schematically in Figure 8 and tabulated in Reference 19. These positions clearly differ for the two rare-earth elements illustrated, but for either element, they are independent of the nature of the interface (intergranular film or glassy phase).
Case Studies in Materials with Aberration-Corrected CTEM
Nanoparticles
One of the major benefits of spherical aberration correction in CTEM is the reduction in image artifacts due to contrast delocalization. This brings particular benefits in the imaging of interfaces and surfaces. For surfaces, this is of particular benefit in untangling the contrast of nanoparticles, including those used in catalysis, from the generally amorphous or quasiamorphous support material.
22 Aberrationcorrected CTEM has also been used to determine that nanoscale PbSe dots grown on wurzite CdS and CdSe rods 23 exhibit the rock-salt structure and to image oxygen atoms at {100} surfaces of magnesium oxide.
24
Figures 9a and 9b show a series of images of a nanocrystalline Pt catalyst particle supported on partially graphitized carbon recorded for several defocus values in the presence of spherical aberration and also with the spherical aberration corrected. The uncorrected images (Figure 9a) show extensive contrast delocalization at the particle surfaces, which is largely removed when the spherical aberration is corrected (Figure 9b) .
From the aberration-corrected images, it is possible to determine the detailed surface structure of the particles, and in particular, the image shows several incomplete surface layers on both {111} and {100} facets that are significant in terms of the catalytic activity and selectivity of this material. The correction of spherical aberration also leads to a reduced depth of field, and this provides additional valuable information about the three-dimensional relationship between the particle and support. Figure 9b clearly shows this effect in which the contrast of the particle remains relatively unchanged with defocus, whereas the contrast arising from the support material that lies at a different height changes rapidly with defocus. 
Defects in Semiconductors
Semiconductors have been extensively studied by high-resolution CTEM from its earliest days, and aberration correction now enables the direct imaging of individual atomic columns in several projections at intermediate voltages where radiation damage is less important. This has enabled characterization, at the atomic level, of many defects. Preliminary work on SiO 2 /Si(100) interfaces shows that the elimination of image delocalization offers particular advantages, and prospects for imaging oxygen atoms at these interfaces have been explored. 25 Stacking faults in Si 1-x Ge x have also been examined by aberration-corrected CTEM and compared with Z-contrast images taken by STEM. 26 This work makes the important point that, even when the microscope aberrations are corrected, the quality of the specimen is still crucial: in this case, the presence of a stacking fault leads to localized tilting of the lattice around the fault away from the zone axis.
The combination of exit-plane wave function reconstruction and aberration correction has been applied to defects in GaAs. 27 Optimum-defocused, aberration-corrected images show the defects without delocalization effects, but the reconstruction of the exit wave from a series of images produces an improved signal-to-noise ratio, as shown in Figure 10 . Detailed analysis of the image contrast in the GaAs matrix has also allowed the polarity of the material to be determined such that a full identification of the individual atoms in a multiple stacking fault and bounding dislocation was possible.
Future Directions
Aberration correction in both conventional transmission electron microscopy and scanning transmission electron microscopy increases the spatial resolution by allowing the objective lens aperture to be increased. As in a camera, this results in a reduced depth of focus that decreases as the square of the aperture angle, whereas the lateral resolution, which has been the main motivation for aberration correction, improves only linearly with aperture angle. Depth resolution on an aberrationcorrected 300-kV scanning transmission electron microscope is at the nanometer scale, and it is now possible to optically slice through a sample simply by changing the objective lens focus. Accordingly, a through-focal image series now becomes a through-depth series that can be reconstructed to give a three-dimensional data set 28 in a similar manner as that used in confocal optical microscopy. Although electron channeling complicates this approach, in a thin, amorphous sample the technique provides single-atom sensitivity in each image. Recently, individual Hf atoms in a sub-nm-wide region of SiO 2 in a high-κ device structure have been located to a precision of about 0.1 nm × 0.1 nm × 1 nm, 29 as illustrated in Figure 11 . At the present time, spherical aberration has been successfully corrected in 
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CTEM, improving the point resolution to the information limit. In order to extend the information limit itself, there are two possibilities, both of which are actively being pursued. The first possibility is to reduce the energy spread of the electrons (and thus improve the limit set by temporal coherence) by replacing the standard thermally assisted Schottky field-emission gun (FEG) with a cold FEG, or by monochromating the electron beam. The second is to correct the chromatic aberration of the objective lens 30 using a complex combination of magnetic and electrostatic multipole elements. An improved information limit will allow not only greater detail and precision to be obtained in the analysis of the atomic structure of materials but will also permit the use of largegap pole pieces without the constraint of minimizing the spherical and chromatic aberration. These larger gap lenses will in turn allow the use of a wider range of specialized specimen holders for in situ experiments and measurements with dynamic observation. 
